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Abstract In this study, the antioxidant activities of alcalase-treated Radix Isatidis protein hydrolysates (RIPH)
were compared during a two-stage gastrointestinal (GI) digestion in vitro. Compared with the blank, the enzymatic
breakdown of the GI digests increased their 1,1-diphenyl-2-picrylhydrazyl (DPPH) (1.2-fold increase), hydroxyl
(1.9-fold increase), superoxide anion (5.6-fold increase) in the radical scavenging activities and the reducing power
(4.0-fold increase). The investigated items of RIPH consisted of the degrees of hydrolysis (DH), the compositions of
amino acid, the nutritional parameters and the molecular weight distributions (MWD). The analysis of amino acid
compositions of RIPH showed that essential amino acids such as isoleucine, threonine, tryptophan, valine and
histidine took a high portion. The final Radix Isatidis protein hydrolysate digests (FRIPHD) contained the free
amino acids of about 29.4%. Results from this study showed that RIPH is a good source of natural antioxidants that
the formed peptides can resist physiological digestion in GI digestive system.
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1. Introduction
Radix Isatidis, commonly known as Ban-Lan-Gen in
China, is the dry root of plant Isatis indigotica Fortune
(family Cruciferae). It is an ancient dye and medicinal
herb which was widely cultivated in Europe from the 12th
to the 17th century as a source of indigo [1]. Radix Isatidis
has already become an important commercial crop for
farmers widely distributed and cultivated in China. It was
firstly documented as the herbal drug in The Divine
Husbandman's Herbal Foundation Canon, a famous
ancient medical book in the Han Dynasty of China (200
AD). Radix Isatidis has been used in the treatment of cold,
sore throat and headache for hundreds of years in China
[2,3]. Because of its unique medicinal properties such as
preventing the influenza virus infection, enhancing body
immunity and detoxicating [4,5,6], Radix Isatidis has been
developed into various beverages which are widely
welcomed in China [7,8].
Food proteins may act as sources of bioactive peptides.
These peptides are encrypted in the proteins and can be
released in vitro during the food processing or in vivo by
the gastrointestinal digestion. Bioactive peptides can exert
their effects on the gastrointestinal system or be absorbed

through the intestinal tract and act on important systems
[9]. Recently, bioactive peptides, derived from food
sources, have catched more and more attraction for the
prevention and treatment of different diseases such as
cancer, arthrosclerosis, coronary heart diseases and
diabetes mellitus [10]. Antioxidative peptides are one of
the research hotspots in food science because of their
antioxidant properties [11].
In vitro methods for simulating the human digestive
tract are being used extensively since they are rapid,
inexpensive, safe, reproducible and do not have the same
ethical restrictions as in vivo methods [12,13]. These
methods have been used to evaluate the antioxidant effects
of anthocyanins [14,15], phenolics [16] and flavanones
[17]. Some food proteins and protein hydrolysates have
been reported to have antioxidant capacity [18,19,20].
Proteins in raw and processed food can possess
antioxidant peptide sequences and structural domains and
the active fragments are released during the GI digestion
process [21].
Radix Isatidis protein as a macromolecular compound
may possess antioxidant peptide sequences. In the process
of traditional Chinese medicine (TCM) preparations, the
protein was always discarded. Previous antioxidant
activity researches of Radix Isatidis only focused on
polysaccharides [22,23]. Whether the Radix Isatidis
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protein also has antioxidant activities as polysaccharides,
it is not clear. Hence, it presents great significance to
investigate the antioxidant activities of Radix Isatidis
protein. In this study, the antioxidant activities of Radix
Isatidis protein hydrolysates (RIPH) subjected to a
simulated GI digestion were investigated for the first time,
and the degree of hydrolysis (DH), the molecular weight
distributions (MWD), the amino acid compositions of
RIPH were also determined.

2. Materials and Methods
2.1. Materials and Chemicals
Radix Isatidis was purchased from a medical market in
Tongling city of Anhui province (China). The botanical
origin was identified by Professor Jianwei Chen, Nanjing
University of Chinese Medicine. The voucher specimens
were deposited at the Herbarium in Nanjing University of
Chinese Medicine (Nanjing, China).
Pepsin from porcine gastric mucosa, pancreatin from
porcine pancreas and bile salts (mixture of sodium cholate
and sodium deoxycholate) were purchased from Shanghai
Solarbio Biosience & Techology Co., Ltd. (Shanghai,
China). The cellulose dialysis tubing (molecular mass cut
off, 1000 Da) was obtained from Yuan Ye Biotechnology
Co., Ltd. (Shanghai, China). The formic acid and
acetonitrile were purchased from Merck (Darmstadt,
Germany). Ammonium formate (analytical grade) was
purchased from Shanghai Chemical Reagent Factory
(Shanghai, China). 1,1-diphenyl-2-picrylhydrazyl (DPPH)
was obtained from Aladdin (Shanghai, China). Vitamin C
and other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Deionized
water was prepared using a Millipore MilliQ-Plus system
(Millipore, Bedford, MA). The solvents and chemicals
used were of analytical grade or HPLC grade.

2.2. Preparation of Radix Isatidis Proteins
To obtain the Radix Isatidis proteins, take about 50 g
Radix Isatidis powder mixed with 1000 mL 50 mM TrisHCl solution (pH=7.8) and then ultrasonic-assisted
extracted for 60 min in a conical flask. The extracted
solution was subsequently centrifuged at 3000 g for 5 min.
The supernatant was collected and then slowly added
ammonium sulfate to 70% at 4°C. The mixture was stored
in 4°C refrigerator for 12 h whereafter centrifuged at
3500 g for 10 min. Discarded the supermatant and the
protein precipitation was collected. The protein was redissolved with distilled water and then fed into cellulose
dialysis tubing to remove the remaining salt and small
molecule compounds at 4°C. The protein solution was
dried by a vacuum freeze drier and then preserved in a
refrigerator at -20°C before use. About 70 mg of
lyophilized powder was obtained from 10 g Radix Isatidis.

hydrolysis was stopped by heating in boiling water for 15
min. Subsequently, the pH value was adjusted to 7.0 with
0.01 mol L-1 HCl. The hydrolysate was centrifugated at
10000 g for 15 min then the supernatant solution was
lyophilized for further subsequent studies.

2.4. In Vitro Simulated GI Digestion
In vitro simulated GI digestion was carried out in
accordance with the method of Cinq-Mars with a slight
modification [13]. The RIPH were re-dissolved (5% w/v,
in distilled water) and adjusted to pH 2.0 with 1 mol L-1
HCl followed by the addition of pepsin (4%, w/w, protein
basis). The mixture was incubated in a shaking water bath
at 37°C for 2 h. Then, the pH was adjusted to 5.3 with 0.9
mol L-1 NaHCO3 solution. After the addition of pancreatin
(4% w/w, protein basis), the pH was adjusted to 7.5 with 1
mol L-1 NaOH. The mixture was further incubated at 37°C
for another 2 h. In order to terminate the digestion, the test
tubes were kept in boiling water for 15 min to inactivate
the enzymes. After these, the GI digests were cooled to room
temperature and centrifuged at 12000 g for 10 min. The
supernatant was freeze dried and kept at -20°C before use.

2.5. Degree of Hydrolysis (DH)
Degree hydrolysis of RIPH was determined according
to the method of Spellman D [24]. The content of amino
nitrogen was determined by a formaldehyde titration
method (FTM). The total nitrogen content was estimated
as explained by the Kjeldahl method [25].

2.6. Amino Acid Analysis
2.6.1. Total Amino Acid (TAA) Analysis
The samples (5 mg) were hydrolyzed with 5 mL of 6 N
HCl for 24 h at 110°C in a sealed tube. The amino acid
compositions of samples were determined by hydrophilic
interaction ultra-high-performance liquid chromatography
coupled with triple-quadrupole mass spectrometry
(HILIC-UPLC-MS/MS) according to our previously
developed method [26]. Alkaline hydrolysis was also
adopted to determine tryptophan.
2.6.2. Free Amino Acids (FAA) Analysis
The GI digests were precipitated with 10% cold
trichloroacetic acid for 2 h and then centrifuged at 12,000
g for 10 min. The supernatant was filtered through a 0.22
μm polytetrafluoroethylene filter. The filtrate was
subjected to UPLC-MS/MS to determine the free amino
acid compositions according to the method of Pan [26].

2.7. Evaluation of Nutritional Parameters
The amino acid composition of sample was used for
calculation of several nutritional parameters of RIPH and
FRIPHD as summarized below [27].
a) The proportion of essential amino acids (E) to total
amino acids (T) of the protein:





 Ile+Leu+Lys+Met+Cys+Phe 


E
+Tyr+Thr+Val+His+Trp
=
% 
In order to obtain the alcalase hydrolysate
(AH), Radix
 ×100
T
Ala+Asp+Arg+Gly+Glu


Isatidis protein solution (5%, w/v) at pH 8.0 were
 +Ile+Leu+Lys+Met+Cys+Phe

hydrolyzed with alcalase at 45°C for 4 h. The ratio of


 +Tyr+Pro+Ser+Thr+Val+His+Trp 
enzyme to protein substrate was 2% (w/w). The enzymatic

2.3. Preparation of Radix Isatidis Protein
Hydrolysates (RIPH)
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b) Amino acid score:

2.9.3. Superoxide Anion Radical Scavenging Activity

2.9. Determination of Antioxidant Activities

Superoxide anion scavenging activity of samples was
determined as described by Han with slight modifications
[29]. Briefly, 1 mL of nitro blue tetrazolium (NBT)
solution (156 μmol L-1 NBT in 100 mmol L-1 phosphate
buffer, pH 7.4), 1 mL nicotinamide-adenine dinucleotid
(NADH) solution (468 μmol L-1 NADH in 100 mmol L-1
phosphate buffer, pH 7.4) and 0.1 mL of the samples were
mixed. The reaction was started by adding 100 μL of
phenazine methosulphate (PMS) solution (60 μmol L-1
PMS in 100 mmol L-1 phosphate buffer, pH 7.4) to the
mixture. The reaction mixture was incubated at 25°C for
5 min, and the absorbance at 560 nm was measured
against blank samples. The positive control (vitamin C)
and the negative control (only the solvent was added)
were subjected to the same procedures described above.
All measurements were made in triplicate and averaged.
The decreased absorbance of the reaction mixture
indicates the increased superoxide anion scavenging
activity. The percentage inhibition of superoxide anion
generation was calculated by the following formula:
scavenging rate (%) = (1 – Ai/Ao) × 100%, where Ao is the
absorbance without sample, and Ai is absorbance with
sample. The antioxidant activity was expressed as above.

2.9.1. DPPH Radical Scavenging Activity Assay

2.9.4. Reducing Power Assay

Experiments were carried out as published method with
some modifications [12]. Briefly, 2.0 mL of test sample
mixed with 2.0 mL of 0.15 mM DPPH were dissolved in
95% ethanol. The reaction mixture was shaken well and
incubated for 30 min at room temperature in the dark. The
absorbance of the resulting solution was recorded at 517
nm. The radical-scavenging activity (RSA) was calculated
as a percentage of DPPH discoloration using the equation
I %=[1− (Ai−Aj) /A0] ×100%, where A0 was the
absorbance of the blank sample, Ai was the absorbance in
the presence of different test samples and Aj was the
absorbance of the blank reagent. Vitamin C was used as a
positive antioxidant control and the standard curves that
correlated the concentration of vitamin C (ranging from 1
to 150 mg L-1) and the amount of absorbance reduction
caused by vitamin C were obtained. The results were
calculated as μg of vitamin C equivalent antioxidant
capacity (VCEAC) per mL of sample solution [15].

An experiment was carried out according to the method
of Benzie & Szeto with some modifications in 96-well
microplates (n = 6) [30]. The working FRAP reagent was
produced by mixing 300 mM acetate buffer (pH 3.6), 10
mmol L-1 TPTZ solution and 20 mmol L-1 FeCl3·6H2O in a
ratio of 10:1:1 just before use and heated to 37℃. The
TPTZ solution was prepared by making a solution of 10
mmol L-1 TPTZ in 40 mmol L-1 HCl. A reaction volume
of 200 μL containing 150 μL working FRAP reagent, 30
μL acetate buffer and 20 μL sample was incubated at
room temperature for 10 min and the absorbance was
recorded at 593 nm. An increased absorbance of the
reaction mixture indicated increased reducing power.





mg
of
amino
per
g
test
protein

 ×100
 mg of amino acid per g of



 FAO/WHO standard pattern 

2.8. Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE)
With some modifications of the method from Prandi,
the RIPH and FRIPHD samples were analyzed by SDSPAGE [28]. Firstly, 100 μl of the samples were mixed
with the same volume of the samples buffer (pH 6.8; 1%
SDS; 12.5% glycerol; 0.005% bromophenol blue; 2.5% 2mercaptoethanol). After denatured at 95°C for 5 min, the
samples were loaded into a Criterion bis-tris precast gels
12%. Then, the runs were carried out in a Mini Protean II
Dual Slab Cell (BIO-RAD). The running buffer was 25
mM Tris, 192 mM glycine and 0.1% SDS and the current
intensity applied was 15 mA. The gel was finally stained
with Coomassie Brilliant Blue.

2.9.2. Hydroxyl Radical Scavenging Activity Assay
The hydroxyl radical-scavenging capacity was
measured by a previously developed method with some
modifications [12]. The reaction mixture was made of 0.5
mL of sample solution, 2.0 mL of 0.75 mM phosphate
buffer (pH 7.4), 1.0 mL 0.75 mmol L-1 1,10phenanthroline ethanol solution and 1.0 mL of 0.75 mmol
L-1 FeSO4. To initiate the reaction, 1.0 mL of 0.01% (v/v)
H2O2 were added. Then, the mixture was incubated for 1 h
at 37°C and the absorbance was measured at 536 nm using
a spectrophotometer. Hydroxyl radical-scavenging
capacity was calculated according to the following
equation: Hydroxyl radical scavenging capacity (%)= [(Ai
− A0)/(A − A0)] × 100%, where Ai was the absorbance of
samples, A0 was the absorbance of blank solution
containing H2O2, A was the absorbance of control solution
containing without H2O2 replaced with distilled water. The
result was expressed as equivalent vitamin C as above.

2.10. Statistical Analysis
All the tests were conducted in triplicate. Results were
expressed as the mean values ± standard deviation (S.D.).
The results were analyzed by SPSS 13.0 software (SPSS
Inc., Chicago, IL, USA). Significance (P< 0.05) among
the means was determined by one-way ANOVA.

3. Results and Discussion
3.1. The DH of GI Digests
As shown in Figure 1, the DH of non-digested RIPH (0
h) was 20.54 ± 1.84%. After digested by pepsin for 2 h,
the DH increased slightly (P > 0.05). However, further
incubation with pancreatin (from 2.0 to 4.0 h) produced a
dramatic increase in DH from 24.82 ± 2.31% to 44.49 ±
2.15% (P< 0.05). Pepsin, a kind of endopeptidases, can be
prior to cleave the C-terminal of Phe, Tyr and Trp.
Pancreatin consists of trypsin, elastase, chymotrypsin and
carboxypeptidases, which function together to cleave the
polypeptides into oligopeptides and amino acids. This
could be a possible reason accounting for the trend of DH
during GI digestion in vitro. Obviously, most of the
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peptides may be hydrolysed into smaller peptides and
possibly amino acids during sequential digestion with
pepsin and pancreatin.

Figure 1. Changes in DH during sequential in vitro digestion of Radix
Isatidis protein hydrolysate (RIPH). The first stage: from 0.0 to 2.0 h,
digested by pepsin; the second stage: from 2.0 to 4.0 h, digested by
pancreatin. The data with different lowercase letters are significantly (P
< 0.05) different.

3.2. The Amino Acids of GI Digests
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The amino acid compositions (g/100 g protein) of RIPH
and FRIPHD were presented in Table 1. The daily
amounts of the essential amino acids for 2-5 years old
recommended by FAO/WHO were also included [31].
RIPH and FRIPHD were both rich in isoleucine, valine,
aspartic acid, glutamic acid, arginine and proline.
Isoleucine, threonine, tryptophan, valine and histidine of
RIPH and FRIPHD met the FAO/WHO requirements.
However, leucine, lysine, total sulphur and aromatic
amino acids did not reach the minimum FAO
requirements. The total essential amino acids in RIPH
(33.34 g/100 g) and in FRIPHD (30.11 g/100 g) almost
met the requirements (32.80 g/100 g). The amounts of
sulfur-containing amino acids (methionine and cysteine)
in FRIPHD were remarkably higher than that of RIPH
(Table 1). Antioxidant amino acids (AAA) contain
hydrophobic amino acids (valine, alanine, proline and
leucine), aromatic amino acids (tyrosine, histidine, and
phenylanine), and methionine [32]. AAA might control
antioxidant potentials of proteins and peptides [33]. The
content of AAA of FRIPHD (30.84 g/100 g) was
relatively higher than that of RIPH (24.49). The
proportion of essential amino acids to the total amino
acids (E/T) for RIPH was higher than that of FRIPHD,
suggesting that the RIPH has more nutritional amino acid
pattern than that of FRIPHD.

Table 1. Total amino acid compositions (g/100g protein) of RIPH and FRIPHD, and the FAO/WHO suggested requirements (2-5 years old) for
essential amino acids. Data are average ± standard deviation (n=3)
Amino acids
RIPH
FRIPHD
FAO/WHO suggested
Isoleucine
5.48 ± 0.12
3.43 ± 0.06
2.8
Leucine
2.67 ± 0.05
3.69 ± 0.17
6.6
Lysine
0.86 ± 0.04
0.53 ± 0.02
5.8
Cysteine
0.15 ± 0.02
0.03 ± 0.00
Methionine
0.14 ± 0.01
1.29 ± 0.19
Tyrosine
0.42 ± 0.06
2.57 ± 0.21
Phenylalanine
3.15 ± 0.24
3.59 ± 0.36
Threonine
5.12 ± 0.37
3.61 ± 0.21
3.4
Tryptophan
7.57 ± 0.41
1.86 ± 0.09
1.1
Valine
4.82 ± 0.24
4.08 ± 0.61
3.5
Histidine
2.96 ± 0.03
5.43 ± 0.34
1.9
Arginine
5.64 ± 0.41
9.32 ± 0.72
Aspartic acid + asparagine
11.82 ± 0.26
18.98 ± 0.31
Glutamic acid + glutamine
6.03 ± 0.13
4.28 ± 0.24
Serine
3.84 ± 0.04
4.95 ± 0.63
Proline
8.88 ± 0.35
9.13 ± 0.57
Glycine
6.79 ± 0.18
0.42 ± 0.02
Alanine
1.45 ± 0.02
1.06 ± 0.04
Total sulphur amino acids
0.29
1.32
2.5
Total aromatic amino acids
3.57
6.16
6.3
Total essential amino acids
33.34
30.11
32.8
Total non-essential acids
44.45
48.14
E/T (%)a
42.86
38.48
Amino acid score
99.97
90.28
AAAb
24.49
30.84
a
The proportion of essential amino acids to the total amino acids.
b
AAA, antioxidant amino acids, it contains hydrophobic amino acids (valine, alanine, proline and leucine), aromatic amino acids (tyrosine, histidine,
and phenylanine), and methionine.

From the statistics given in Table 2, it can be seen that
the content of FAA increased rapidly from 0 to 4 h (from
80.19 to 230.18 mg g-1). After the pepsin digestion, the
content of FAA increased by 73% compared to the blank
(0 h). However, the further two hours incubation with
pancreatin increased the content of FAA by 187%. It can
be concluded that the peptides were mainly broken into

small fragments instead of free amino acids during pepsin
digestion. After the digestion with pancreatin, these
peptides were more completely hydrolysed. This corollary
was consistent with the previous research of loach protein
[12]. At the end of GI digestion (4.0 h), less than 30% of
the digests were comprised of FAA. Thus, most of the
digests still remained in the form of peptides, which might
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contribute to the antioxidant activities in vitro as described

later.

Table 2. Changes in the free amino acids (FAA) content in Radix Isatidis protein hydrolysates (RIPH) during sequential in vitro digestion
FAA (mg amino acid/g GI digest powder)
Amino acids
0h
0.5 h
1.0 h
1.5 h
2.0 h
2.5 h
3.0 h
3.5 h
4.0 h
Isoleucine
6.08
6.25
7.56
8.19
9.15
9.26
10.24
11.47
12.56
Leucine
3.14
4.45
5.98
6.16
7.15
7.56
8.98
10.13
11.28
Lysine
1.65
1.88
1.99
2.08
2.15
2.47
2.49
3.15
3.78
Cysteine
0.14
0.16
0.18
0.19
0.2
0.21
0.24
0.35
0.44
Methionine
3.66
3.71
4.74
5.82
7.12
9.17
9.48
10.67
11.67
Tyrosine
0.75
1.21
1.47
1.56
1.84
1.96
2.24
2.58
3.04
Phenylalanine
5.45
9.15
9.87
9.98
12.24
12.89
13.14
13.52
14.37
Threonine
0.18
0.19
0.19
0.24
0.26
0.27
0.29
0.34
0.39
Tryptophan
4.23
4.52
4.58
4.64
4.94
5.16
6.28
7.25
7.64
Valine
7.89
8.25
8.28
8.64
9.14
9.67
10.26
12.18
13.47
Histidine
6.67
7.26
8.56
10.28
12.45
13.27
15.17
16.29
18.48
Arginine
3.46
4.25
4.74
5.79
6.28
6.96
7.52
7.94
8.62
Aspartic acid + asparagine
18.24
20.15
22.54
30.98
32.67
52.15
58.47
64.19
71.56
Glutamic acid + glutamine
6.52
9.12
10.24
11.17
14.45
16.17
18.54
19.71
26.49
Serine
6.18
6.24
7.49
7.84
9.27
10.14
11.42
12.53
13.82
Proline
4.56
5.17
6.21
6.48
7.34
8.26
8.47
9.15
9.84
Glycine
1.15
1.18
1.56
1.64
1.68
1.74
1.78
1.81
2.06
Alanine
0.24
0.25
0.28
0.29
0.35
0.37
0.38
0.49
0.67
AAA
32.36
39.45
45.39
49.21
57.63
63.15
68.12
75.01
82.82
Total
80.19
93.39
106.46
121.97
138.68
167.68
185.39
203.75
230.18

3.3. SDS-PAGE Analysis
As a common way to analyse molecular
characterization of protein samples, SDS-PAGE was
performed to evaluate different molecular proteins. The
SDS-PAGE profiles of protein constituents of RIPH and
FRIPHD are showed in Figure 2. The main molecules
contained in RIPH sample weight about 24.8 kDa and
40.0 kDa. The FRIPHD sample also has the two bands,
but the color is more shallow than RIPH. After simulated
GI digestion, the electrophoretic profiles of RIPH and
FRIPHD showed some differences which evidenced the
different molecular peptides existed in each sample. The
diminution of the total intensity of the RIPH sample in the
gel suggested that most peptides produced by GI digestion
had a lower molecular weight than the detection limit of
this gel.

As shown in Figure 3A, the DPPH radical scavenging
activity of the RIPH was 44.97 ± 4.52 μg mL-1 VCEAC at
beginning. After pepsin digestion for 2.0 h, the DPPH
radical scavenging activity dramatically increased to
164.58 ± 3.78 μg mL-1 (P< 0.05). However, the DPPH
scavenging activity fell spectacularly to 117.64 ±4.26 μg
mL-1 VCEAC by 0.5 h pancreatin digestion. Further
incubation with pancreatin for another 1.5 h, the DPPH
radical scavenging activity decreased steadily. During the
pepsin digestion, a lot of hydrophobic amino residue side
chain groups were expected to be exposed, which would
make the peptides more accessible to the DPPH radicals
and allow them to trap the radical more easily. However,
the increased polarity of the GI digest makes it more
difficult to react with the lipid-soluble DPPH radicals
during the pancreatin digestion. [34] Of course,
antioxidative amino acids might contribute to the
antioxidant activities of the GI digests. As shown in Table
2, the content of the antioxidative amino acids in the
digests increased from 32.36 to 82.82 mg g-1. These
antioxidative amino acids could act as proton/electron
donors and quench the free radical, resulting in enhanced
DPPH radical scavenging activity during digestion [35].
These could be some possible reasons of why the DPPH
radical scavenging activity increased markedly during the
pepsin treatment, but decreased slightly by pancreatin
digestion.
3.4.2. Hydroxyl Radical Scavenging Activity
In the hydroxyl radical scavenging test (Figure 3B), the
scavenging activity of RIPH improved with the digestion
time extended. After digestion by pepsin from the period
of 0 to 2.0 h, the hydroxyl radical scavenging activity of
the GI digests did not show a significant change. However,
the hydroxyl radical activity of the GI digests sharply
increased to 94.67 ± 4.28 μg mL-1 VCEAC (P< 0.05) at

Figure 2. SDS-PAGE of Radix Isatidis protein hydrolysates (RIPH) and
final Radix Isatidis protein hydrolysates digests (FRIPHD)

3.4. The Antioxidant Activities of the GI
Digests
3.4.1. DPPH Radical Scavenging Activity

2.5 h. In the Fenton reaction (Fe2+ + H2O2 → Fe3+ + ·OH +
OH-), the impact of ·OH on susceptible compounds could
be restrained by either Fe2+ chelation or ·OH stabilisation
or both. [21] Therefore, the strong ·OH scavenging
activity of RIPH digested for 4 h, may be attributed to the
removal of free Fe2+ prooxidant and stabilisation of
radicals through hydrogen or electron donation [36].
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Figure 3. Changes in DPPH (A), hydroxyl (B), and superoxide anion (C) radical scavenging activity and reducing power (D) of Radix Isatidis protein
hydrolysates (RIPH) during sequential in vitro digestion. The data with different lowercase letters in the same test are significantly (P < 0.05) different.

3.4.3. Superoxide Anion Radical Scavenging Activity
Superoxide anion radical is one of the most important
and biologically relevant reactive oxygen species (ROS)
radicals in living organisms. It is a precursor to active free
radicals that have the potential of reacting with biological
macromolecules and thereby inducing tissue damage [37].
The superoxide anion radical scavenging activity of GI
digests was shown in Figure 3C. The VCEAC of GI
digests increased rapidly (P < 0.05) and reached 80.23 ±
2.35 μg mL-1 VCEAC for 1 h digestion by pepsin, then
decreased with further incubation for another 1 h with
pepsin. That was because during the initial stage of
digestion, the increasing radical scavenging ability was
attributed to a large number certain amino acids residues
or short peptides. Then the increased hydrophobic
properties of GI digests made them difficult to react with
superoxide anion radical. The second stage of 2 h
digestion by pancreatin brought a significant increase in
superoxide anion radical scavenging activity (P < 0.05).
That was because the hydrophilic property of GI digests
increased after digestion by pancreatin favoured their
trapping of the superoxide anion radical. Also, the content
of antioxidative amino acids was another important factor.
3.4.4. Reducing Power
As shown in Figure 3D, the reducing power of the
blank was 0.149 ± 0.05. Then it significantly increased
(P< 0.05) to 0.521 ± 0.01 after 1.0 h of pepsin digestion.
No significant increase was observed over the next 1 h
(P> 0.05). After 0.5 h of pancreatin digestion, the reducing
power increased to 0.619 ± 0.04 (P< 0.05). Incubation for
another 1.5 h with pancreatin did not bring any obvious

changes in the reducing power (P> 0.05). The final GI
digests (FRIPHD) had a considerable increase in reducing
power compared to the GI digests at 0 h (RIPH). The
results indicated that the RIPH obtained more effective
hydrogen or electron donors during GI digestion. The
result was in accordance with the publication of You et al.
that the reducing power of loach protein hydrolysate
significantly increased after the treatment of pepsin and
pancreatin for both 2 h [12]. With the increasing of DH,
numerous electron-dense amino acid side residue chain
groups became more exposed during the process of GI
digestion. The increased free amino acid and peptide
scissions provided an additional source of electrons and
protons to maintain a high redox potential.

4. Conclusion
The results at present showed that the antioxidant
activities of RIPH enhanced with the GI digestion
significantly. The amino acid compositions of RIPH and
GI digestion samples were analyzed by HILIC-UPLCMS/MS successfully. After the RIPH conducted by
simulated gastrointestinal digestion, the amounts of free
amino acids greatly increased. The antioxidant ability of
protein hydrolysates or peptides may have a good
correlation with certain amino acids residues or short
peptides. Further studies of antioxidant activities of RIPH
in vivo are being done in our laboratory. However, this
study provides a first approach to the evaluation of RIPH
as ingredients to formulate functional foods with
antioxidant activities.
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